Marine brown algae represent a considerable part of the littoral biomass (South and Whittick 1987) and many of them are considered to be important for industrial uses. Their high contents of minerals, vitamines and dietary fibres are interesting for nutritional purposes (Mabeau and Fleurence 1993) . In addition, many of their constituents Abbreviations: DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; DGTA, diacylglycerylhydroxymethyl-yV,7V,yV-trimethyl-/?-alanine; DGTS, diacylglyceryl-MMW-trimethylhomoserine; DPG, diphosphatidylglycerol; FID, flame ionization detector; GLC, gas liquid chromatography; RP-HPLC, reversed-phase high-performance liquid chromatography; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PHEG, phosphatidyl-O-[A r -(2-hydroxyethyl)glycine]; PI, phosphatidylinositol; sn, stereospecific numbering; PUFAs, polyunsaturated fatty acids; SQDG, sulfoquinovosyldiacylglycerol; TAG, triacylglycerol; TLC, thin-layer chromatography.
are of interest from a pharmaceutical point of view (Radwan 1991) . Considering brown algal lipids, some of the generally observed trends have been summarised (Dembitsky 1996, Harwood and Jones 1989) . The distinct fatty acid and lipid pattern of brown algae in comparison to higher plants (Gurr and Harwood 1991) , suggest the metabolic pathways in this group of organisms to be different from those of higher plants. Little is known, e.g., about the biosynthesis of the mainly "eukairyotic" galactolipids (Arao and Yamada 1989, Jones and Harwood 1992) and PUFAs such as 18:4, 20:4 and 20:5 (Harwood and Jones 1989) . Also the metabolic role of additional lipids like the phospholipid PHEG (Eichenberger et al. 1995) and the betaine lipid DGTA (Araki et al. 1991 ) is not known. DGTA was shown to be widely distributed among Phaeophyceae (Eichenberger et al. 1993 ) and has been suggested to substitute for PC in some cases. Therefore, members of the orders Dictyotales, Durvillaeales and Fucales which all lack PC (Eichenberger et al. 1993 ) are supposed to be excellent organisms to study the metabolic role of this betain lipid. Experiments on the incorporation of [ll4 C]acetate into lipids of the Fucales Fucus serratus (Smith and Harwood 1984) , Fucus vesiculosus and Ascophyllum nodosum (Jones and Harwood 1993) have already revealed a significant labelling of DGTA. For our investigations, we used for the first time a member of the Dictyotales, namely Dictyopteris membranacea which can be cultivated under laboratory conditions. The aim of this study was to establish an analytical background for the subsequent work on the lipid metabolism and the metabolic role of DGTA in D. membranacea. Therefore, the lipid composition, the fatty acid pattern of single and total lipids as well as the positional distribution of fatty acids among the diglyceride moieties of glycolipids and DGTA were analysed. Furthermore, the molecular species of DGTA and MGDG have been separated and quantified for the first time in a brown alga.
Materials and Methods
Plant material-A unialgal clonal culture of a Dictyopteris membranacea (Stackhouse) Batters tetrasporophyte (collected in Villefranche-sur-mer, France, Mediterranean Sea) was obtained from Prof. D.G. Muller, Faculty of Biology, University of Konstanz, Germany. The alga was cultivated continuously in glass dishes with 50 ml of culture medium prepared from autoclaved natural seawater (North Sea, salinity 2%%,) supplemented with PES as specified by Starr and Zeikus (1993) . The alga was grown in a light/dark cycle of 12/12h at 18°C under white fluorescent light (60/JE m~2 S~') and weekly provided with new culture medium.
Lipid isolation and analysis-Total lipids were extracted with hot methanol containing 0.05% butyl hydroxytoluene as an antioxidant. The crude extract was evaporated or dried under a stream of N 2 and further purified by phase partition between 1 volume each of sodium bicarbonate (1%) and diethyl ether. Lipids were separated on precoated silica gel plates (Merck 5715) with a standard solvent system containing chloroform/ methanol/ water (65 : 25 : 4 , v/v) in the 1st dimension and chloroform/ methanol/ isopropylamine/ cone, ammonia (65 : 35 : 0.5 : 5, v/v) in the 2nd dimension. Spots were detected under UV light (366 nm) after spraying with 2',7'-dichlorofluorescein. Single lipids were identified by spraying with specific reagents (Vogel and Eichenberger 1990) . Betaine lipids were stained with Dragendorff reagent, phospholipids with molybdenum blue and glycolipids with anthrone reagent. Ninhydrin was used for the staining of amino groups. TAG was separated from polar lipids and pigments by TLC with chloroform/ methanol (50: 1, v/v). Lipids were quantified by their constituent fatty acids by GLC using eicosanoic acid (20:0) methyl ester as an internal standard.
Fatty acid analysis-Fatty acid methyl esters from total lipids were obtained by alkaline hydrolysis with KOH/ water/ ethanol ( 1 : 2 : 20, w/v/v), followed by methylation with diazomethane (Vogel and Eichenberger 1992) . Fatty acid methyl esters from single lipids were prepared by transesterification with sodium methoxide (Thies 1971) .
For analytical separation, a Shimadzu GC-14A equiped with FID was used. The separations were performed on a fused silica capillary column (25 m length, 0.25 mm I.D.) coated with chemically bound Carbowax 20 M at 185-210°C (2°C min" 1 ) with H 2 as carrier gas. Processing of data and integration of peaks was done with a Shimadzu C-R4A integrator.
Analysis of the positional distribution of fatty acids-The positional distribution of fatty acids among the sn-l and sn-2 position of glycolipids and DGTA was determined by cleavage with a lipase from Rhizopus arrhizus (Fischer et al. 1973) . The products were separated on precoated silica gel plates (Merck 5719) using chloroform/ methanol/ water (70: 15 :2, v/v) for MGDG, chloroform/ methanol/ water (65 : 35 : 8, v/v) for DGDG and DGTA and chloroform/ methanol/ acetic acid/ water (65 : 35 : 6 : 4, v/v) for SQDG. For GLC analysis, the fatty acids cleaved from the sn-l position were methylated with diazomethane. The fatty acid methyl esters of the sn-2 position were prepared by transesterification of the lyso compounds.
Analysis of molecular species-Pure lipids were obtained by TLC separation of total lipids. DGTA was first isolated using acetone/ benzene/ methanol/ water ( 8 : 3 : 2 : 1 , v/v) as a solvent. The lipid was then eluted with methanol, and for removing pigments and PHEG, chromatographed with chloroform/ methanol/ isopropylamine/ cone, ammonia (65 : 35 : 0.5 : 5, v/v). For the isolation of MGDG, chloroform/ methanol/ water (65 : 25:4, v/v) and chloroform/ methanol/ isopropylamine/ cone, ammonia (65 : 35 :0.5 : 5, v/v) were used for the 1st and 2nd step, respectively. Molecular species were separated by RP-HPLC on a Shimadzu LC-6A with a Nucleosil 100-5 C, 8 (250x4 mm, Macherey Nagel) column. For the separation of DGTA molecular species, methanol/ water/ acetonitril (80 : 12 : 8, v/v) (A) and methanol/ water/ acetonitril (94 : 3.5 : 2.5, v/v) with 20 mM choline chloride (B) (Vogel and Eichenberger 1992) were used as solvents. The gradient was from 70% to 100% B in 40 min with a flow rate of 1.5 ml min ' and detection was at 202 nm with a Shimadzu SPD-6A detector. Molecular species of MGDG were separated in a isocratic manner with methanol/ water (94: 6, v/v) as a solvent (Giroud et al. 1988 ). The flow rate was 1.1 ml min" 1 and detection was at 210 nm. Peaks were collected and single species of both lipids were quantified by determination of their constituent fatty acids by GLC with 20:0 methyl ester as an internal standard.
Results
Lipid composition-A typical separation of the total lipids of D. membranacea by two-dimensional TLC is shown in Fig. 1 and the amounts of the different compounds are presented in Table 1 .
Each lipid component was identified by its mobility and by its reaction with specific staining reagents. The glycolipids MGDG, DGDG and SQDG were major components representing 83.1% of the polar lipids. MGDG was the most abundant component (44.1%), followed by SQDG (25.5%) and DGDG (13.5%). The ratio of MGDG to DGDG was 3.3 in this organism. Another prominent constituent was the betaine lipid DGTA accounting for 9.0% of the polar lipids. In contrast, the phospholipids PE, PG, PI and PHEG, which has recently been identified (Eichenberger et al. 1995) , were present in minor amounts only. PC was not detectable with neither molybdenum blue nor Dragendorff reagent, although with the latter a detection limit of 0.5 fig mg~" total lipid was found under these conditions (Eichenberger et al. 1993 ). TAG was not separated from the main spot of unpolar lipids and pigments ( Fig. 1 ) and was therefore isolated by a separate procedure. The amount of TAG was 105 nmol mg~" total lipid.
Fatty acid composition of total lipids and single lipid classes-The fatty acids of total lipids and their distribution among different lipid classes are summarized in Table 2 . The major fatty acids ( > 10% of the total) in D. membranacea were 16:0, 18:1, 18:2, al8:3, 18:4 and 20:4 acids. Minor components were 14:0 and 20:5, whereas 16:1(30, 18:0, yl8:3 and 20:3 acids were present in small amounts only. Considering the different chain lengths, C u and C I6 acids accounted for almost 26.1%, the C 18 acids for 52.8% and C 20 acids for 20.5% of the total.
Each lipid class was characterised by a distinct pattern of fatty acids. The highest variability of fatty acids was observed in the galactolipids. MGDG was the most unsaturated lipid containing 18:2, al8:3, 18:4 and 20:5 as major fatty acids. DGDG was slightly more saturated than MGDG due to a higher proportion of 16:0. Furthermore 20:5 was the main fatty acid in DGDG followed by 16:0, 18:4, 20:4 and al8:3. It is remarkable that 18:4 acid is limited to the galactolipids. In contrast, SQDG was the most saturated lipid due to high levels of 16:0 and 14:0 acids and also contained 18:1, 18:2 and al8:3 acids as major components. Of DGTA, high amounts of 14:0, 16:0, 18:1, 18:2 and 20:4 acids were characteristic. High levels of 20:4 acids were also observed in PE and PHEG, where this fatty acid accounted for 51% and 80%, respectively. PG which probably contained traces of DPG, was occupied by 16:0, 18:1, 18:2, ctl8:3 and 16:1(30 acids as major components. The presence of 16:1(30 acid was a specific feature of PG. PI showed a rather simple fatty acid composition with mainly 14:0, 16:0, 18:1 and 18:2 acids. TAG contained large amounts of 18:1 (60%) and almost equal amounts (12%) each of 14:0, 16:0 and 20:5 acids.
Positional distribution of fatty acids in DGTA and the glycolipids- Table 3 shows the positional distribution of fatty acids in the major lipid classes.
In DGTA, the sn-l position was mainly occupied by 14:0 and 16:0 acids, whereas the sn-2 position was occupied by 94% by C 18 and C M acids indicating the predominantly "eukaryotic" structure of the betaine lipid. Interestingly, 20:4 acid was distributed about equally among both positions. Both galactolipids showed high levels of C 13 acids at the sn-2 position with 18:4 acid being almost exclusively located at this position. In contrast, 14:0, 20:4 and 20:5 acids were concentrated at the sn-l position in these lipids. Based on the total amount of C ig and C M fatty acids in the sn-2 position, MGDG was by 97% of the "eukaryotic" type. DGDG, due to the elevated amount of 16:0 acid in the sn-2 position, was by only 75% of the "eukaryotic" type. In SQDG, in contrast, the "prokaryotic" structure predominated (53%) because of the large amount of 16:0 acid in the sn-2 position of this lipid in which 14:0, 20:4 and 20:5 acids were restricted to the sn-l position.
Molecular species of DGTA and MGDG-For the first time, the molecular species of DGTA and MGDG from a brown alga have been separated and quantified. A RP- HPLC separation of DGTA molecular species is shown in Fig. 2 . The decreasing base line during the separation is probably due to the increasing choline chloride concentration. The fractions corresponding to the different peaks have been further analysed and quantified by GLC and the data are presented in Table 4 .
The most abundant species were 14:0/18:1, 14:0/18:2 and 14:0/20:4 combinations, accounting for almost 40% of the total. The bulk of acyl combinations contained Values are means of 2 determinations. Major species are underlined. The given order of the acyl chains does not necessarily correspond with their positional distribution. cies composition of MGDG was even more complex containing a large number of acyl combinations, as expected from the complex fatty acid composition of this lipid and as shown in Table 5 .
For example, almost all possible acyl combinations containing two C, 8 residues, except 18:1/18:4, have been identified. The major species were the highly unsaturated al8:3/18:4, 18:4/18:4 and 18:4/20:5 combinations accounting for almost 50% of total MGDG and reflecting on the molecular level, the high degree of unsaturation of this lipid. It is interesting to note that the 14:0/18:1 and 16:0/ 18:1 combinations occurred in both MGDG and DGTA.
Discussion
The lipid and fatty acid composition of Dictyopteris membranacea (Dictyotales) was analysed in detail in order to obtain an analytical basis for a subsequent work on the lipid metabolism of this alga. The lipid pattern was dominated by the glycolipids MGDG, SQDG and DGDG which accounted for as much as 83% of the polar lipids. MGDG was the most prominent lipid in D. membranacea, as found in many of the brown algae examined so far (Dembitsky et al. 1990 , Dembitsky 1996 and as reported also for higher plants (Harwood and Jones 1989) . The ratio of MGDG to DGDG was 3.3 and thus even higher than in higher plants (Gurr and Harwood 1991) . In contrast, DGDG was found to be the most abundant lipid in some species of the order Ectocarpales (Dembitsky 1996) , whereas SQDG predominated in Hizikia fusiformis (Araki et al. 1991) , Fucus vesiculosus (Jones and Harwood 1992) and F.serratus (Smith and Harwood 1984) all of which belong to the order Fucales. SQDG was the most prominent lipid also in Padina pavonia and Taonia atomavia of the order Dictyotales (Dembitsky 1996) indicating the quantitative importance of SQDG for marine chromophyte algae as reported earlier Jones 1989, Heinz 1993) . These findings clearly show that the relative amounts of glycolipids considerably vary within the class of brown algae.
The phospholipids found in D. membranacea were PE, PG, PHEG and PI. PHEG has been exclusively found in brown algae so far and its structure has been reported recently (Eichenberger et al. 1995) . This hpid was demonstrated to be distributed in all of the brown algal orders (Eichenberger et al. 1995, Khotimchenko and Titlyanova 1996) . In contrast, PC was not detected in D. membranacea. The absence of PC is a characteristic feature of the brown algal orders Dictyotales, Durvillaeales and Fucales all of which, however, produce the zwitterionic betaine lipid DGTA (Eichenberger et al. 1993) . In D. membranacea this betaine lipid accounted for 9% of the polar lipids. An even higher amount (24%) has been reported for F. vesiculosus (Jones and Harwood 1992) . The occurrence of DGTA in brown algae was shown to reflect their taxonomy (Araki et al. 1991 , Eichenberger et al. 1993 . Within the genus Ectocarpus, DGTA is a taxonomical marker to distinguish single species (Miiller and Eichenberger 1994) .
D. membranacea contained significant amounts of TAG accounting for 20 mol% of the total lipids. This value might vary according to the physiological conditions, since in field-grown F. serratus, seasonal variations of the TAG content were observed (Kim et al. 1996) .
The main fatty acids of D. membranacea were 16:0, 18:1, 18:2, 18:4, al8:3, 20:4, 20:5 and 14:0 . This is in accordance with the results obtained for other brown algae (Aknin et al. 1992 , Arao and Yamada 1989 , Dembitsky et al. 1990 , Fleurence et al. 1994 , Harwood and Jones 1989 , Jones and Harwood 1992 , Khotimchenko 1991 , 1995 , Vaskovsky et al. 1996 . The 16:1 (n-5) acid, although reported for members of the genera Dictyota and Dictyopteris (Aknin et al. 1992 , Khotimchenko 1995 , could not be found in D. membranacea. The ratio of 20:4 to 20:5 acid (1.2) was in accordance with the predominance of 20:4 acid in brown algae (Harwood and Jones 1989) , although a few exceptions have been reported (Dembitsky 1990 ). It should be noted, however, that the fatty acid composition is influenced by environmental factors such as light, heavy metals and temperature Jones 1989, Jones and Harwood 1993) .
In the galactolipids of D. membranacea, PUFAs predominated as in other brown algae (Araki et al. 1991 , Arao and Yamada 1989 , Jones and Harwood 1992 , Khotimchenko 1995 , Smith and Harwood 1984 . The 18:4 acid was almost restricted to the galactolipids in D. membranacea suggesting this fatty acid to be synthesized in the chloroplast as reported for the haptophyte alga Isochrysis galbana (Stern and Tietz 1993) . The separation of the molecular species of the highly unsaturated MGDG which have been analysed for the first time in a brown alga, revealed al8:3/18:4, 18:4/18:4 and 20:5/18:4 acyl combinations to be the main constituents. The presence of almost all of the possible C 18 /C 18 combinations made a complete separation of species rather difficult. The positional distribution of fatty acids revealed "eukaryotic" MGDG to account for 97%. This value is in keeping with data from Padina ascorbens, Sargassum ringgoldianum and F. vesiculosus (Arao and Yamada 1989, Jones and Harwood 1992) .
DGDG was slightly more saturated than MGDG due to a higher level of 16:0 as also observed in other algae (Harwood and Jones 1989) and higher plants (Gurr and Harwood 1991) . In addition, the higher content of C^ acids in DGDG compared to MGDG is in accordance with data from several other brown algae (Araki et al. 1991 , Arao and Yamada 1989 , Khotimchenko 1995 . Accordingly, the proportion of "eukaryotic" species in DGDG accounting for 75% is lower than in MGDG. The high proportions of "eukaryotic" galactolipids in the members of the Dictyotales and Fucales are surprising, because PC which generally acts as a DAG donor for the synthesis of "eukaryotic" plastidial lipids (Roughan and Slack 1982) could not be detected in these algae (Eichenberger et al. 1993) . This points towards the presence of an alternative pathway as already suggested for Cryptomonas CR-1 (Sato 1991b) .
SQDG was the most saturated lipid in D. membranacea with relatively high proportions of 16:0 and 18:1 acids. The accumulation of 16:0 acid at the sn-2 position of the sulfolipid gives raise to a high proportion of "prokaryotic" species (53%) in this lipid. It is interesting to note that in SQDG as well as in the galactolipids, C20 acids were restricted to the sn-l position as already observed in Ishige okamurai, P. ascorbens, S. ringgoldianum and F. vesiculosus (Arao and Yamada 1989, Jones and Harwood 1992) .
DGTA of D. membranacea mainly contained 20:4, 14:0, 18:1, 18:2 and 16:0 acids. This is in agreement with data obtained for other members of the orders Dictyotales (Araki et al. 1991 , Khotimchenko 1995 , Dembitsky 1996 and Fucales (Jones and Harwood 1992) . In DGTA of D. membranacea, the 14:0 and 16:0 acids were concentrated in the sn-l position, whereas 18:1 and 18:2 acids were almost limited to the sn-2 position leading to the almost exclusively "eukaryotic" structure which has been also observed in F. vesiculosus (Jones and Harwood 1992) and in the unicellular algae Cryptomonas CR-1 (Sato 1991a) and Pavlova lutheri (Kato et al. 1995) . The main molecular species of DGTA in D. membranacea were 14:0/ 18:1, 14:0/18:2 and 14:0/20:4 combinations. Interestingly, a predominance of 14:0/18:1 and 14:0/18:2 acyl combinations has also been found in the betaine lipid DGTS of Ochromonas danica where this structural isofner of DGTA was shown to act as the primary acceptor of exogenous oleate and to be involved in the desaturation and redistribution of fatty acids (Vogel and Eichenberger 1992) . Also, rapid labelling of DGTA has been observed on incubation with [ll4 C]acetate of F.serratus (Smith and Harwood 1984) , F. vesiculosus and A. nodosum (Jones and Harwood 1993) suggesting an active role of the betaine lipid in these organisms.
Among the phospholipids of D. membranacea, both PE and PHEG were enriched in 20:4 acid accounting for 51% in PE and for as much as 80% in PHEG. The fatty acid pattern of these lipids was very similar suggesting a biosynthetic relationship between the two compounds (Eichenberger et al. 1995) . PG mainly contained a 18:3, 16:0 and 16:1(3/) acid which is specific for this lipid in algae (Harwood and Jones 1989 ) and higher plants (Gurr and Harwood 1991) . For PI, 16:0 and 13:1 acids were typical in D. membranacea as well as in F. vesiculosus and A. nodosum (Jones and Harwood 1992) . In TAG, 14:0, 16:0 and 18:1 acids accounted for 83% of total fatty acids demonstrating the predominance of medium-chain fatty acids in this unpolar lipid in which the fatty acid composition has been reported to undergo seasonal variations in F. serratus (Kim et al. 1996) . The role of the different polar lipids, especially that of DGTA, in the metabolism of D. membranacea is the subject of further investigations.
